The longitudinal components of orthogonal-circularly polarized fields gain or lose topological charge after sub-wavelength-aperture transmission depending on the polarization handedness.
Since the angular momentum in electromagnetic fields represents polarization and spatio-temporal coherence, knowledge of electromagnetic spin-orbit interactions-where changes in spin or polarization produce changes of the electric-field phase vorticity or orbital angular momentum-illuminates important dimensions of light manipulation and control. Electromagnetic spin-orbit interactions are generally described by a geometric phase, where orthogonal-circular polarizations experience different accumulated phases due to varying photon ray trajectories. Previous experimental demonstrations show how geometric phase arises due to refraction in inhomogeneous media [1, 2] . More recently, chiral interactions with "gammadion" planar metal structures demonstrate connections between the location of optical phase singularities and incident polarization handedness [3] . The formation of optical vortices coincides with the extraordinary transmission through sub-wavelength slits [4] and the reflection from spiral-etched structures [5] . Despite novel demonstrations, the relationship between polarization, phase, and angular momentum with light and sub-wavelength metal structures is not fullycharacterized, so that metal-optics electromagnetic spin-orbit interactions are neither fully-optimized nor controlled.
Here, we investigate the changes in angular momentum that occur via diffraction through sub-wavelength metal apertures. We derive the analytical relation using the Bouwkamp model [6] for the scattered fields from incident Laguerre-Gaussian beams of topological charge or phase winding, m 0 , in the -----circular polarization basis. We show that the longitudinal or z-component of the scattered fields through apertures have topological charge m f = m 0 -1 depending on the polarization handedness of the input field, while the electric field amplitude is a sum of Bessel functions. Although the far-field ratio of spin to orbital angular momentum is conserved [7] , we analyze the angular momentum flux and demonstrate nonzero off-diagonal components in the angular momentum flux tensor [8] within the near-field. This analysis is particularly relevant for understanding plasmons and the spatio-temporal dynamics of surface waves on metals. Numerical simulations and experimental measurements of terahertz-field transmission through sub-wavelength apertures verify our analysis. Moreover, we demonstrate our understanding of the polarization-phase interaction by producing shadow-side spiral-phase longitudinal fields of arbitrary vorticity.
We use a mode expansion method to model the scattering problem in Cartesian system symmetry [9] . Figure 1describes the electric field produced by a left-handed circularly-polarized electric field of flat-phase m 0 = 0, which is incident on a square aperture of length L x =L y = l in an ideal metal sheet of thickness D = l/2. The longitudinal field amplitude at a distance D/5 after the metal sheet [ Fig. 1(a) ] shows enhancement at the aperture surfaces, and the corresponding phase has topological charge of m f = -1 (clockwise, red-white-blue). In contrast, a right-handed circularly-polarized field forms a vortex of topological charge with opposite sign m f = +1 (clockwise, blue-white-red). In Fig. 1(c) we illustrate the Poynting vector of the transmitted field by arrows, which show the transverse direction of the Poynting vector or angular momentum, and colors that denote the strength of the longitudinal component. Although arrows indicate a whirlpool-like vector field, the angular momentum in the zdirection arises solely due to circular polarization and the transverse gradient of the electric field profile. In other words, the topological charge [Fig 1(b) ] does not contribute to the far-field angular momentum. Figure 2 shows the near-field amplitude and phase of the scattered-field z-components after transmission through the same square aperture given incident orthogonal-circular polarized beams with topological charge of m 0 = + 1. The combination of right-handed circular polarization and the incident vortex phase produces a net transmitted topological charge of m f = +2 [Fig 2(b) ]. In contrast, the combination of left-handed polarization and the identical phase vorticity cancel [Fig 2(d) ] to produce a flat-phase m f = 0 field. A comparison of the amplitudes indicate that left-handed circular polarization [Fig 2(c) ] produces a shadow-side on-axis constructive maximum, whereas the amplitude of the right-handed circularly polarized scattered field is strictly zero on-axis due to the onaxis phase singularities. Therefore, the addition of a helical phase on the incident orthogonal-circularly polarized fields breaks chiral symmetry and this is observed in the metal-scattered near-field. This spin-orbit interaction produces transmitted fields that are no longer mirror-images of each other.
We measure scattered terahertz electric-field amplitudes and phases with sub-wavelength resolution using THz near-field electro-optic detection with a focused probe beam, as illustrated in Fig. 3(a) [10] . Figures 3(b-e) show transmitted field amplitudes and phases from 600 GHz (l = 500 mm) circularly-polarized light by data- 
